This paper reports on the fatigue performance of an ultrafine-grained (UFG) interstitialfree (IF) steel deformed at various mean stress levels. The UFG microstructure was achieved using equal channel angular extrusion processing at room temperature (RT) and along an "efficient" route, giving way to the formation of high angle grain boundaries (HAGBs) with a high volume fraction. The current study not only confirms the previous finding that a high volume fraction of HAGBs promotes cyclic stability, but also inquires into the role of mean stress level on the cyclic stability. It is shown that the UFG IF steel exhibits a stable cyclic deformation response in the lowcycle fatigue regime within the medium applied mean stress range of -75 to 75 MPa. The corresponding fatigue lives can still be predicted with the Smith-Watson-Topper approach within this range. Furthermore, the present study demonstrates that the evolution of mean strains with cyclic deformation can be linked to the evolution of mean stresses in strain-controlled loading. Figure 1: EBSD grain maps of UFG IF steel processed along ECAE route 8E. Both EBSD scans were carried out on as-ECAE-processed specimens: a) shows the homogeneous microstructure of a sample extracted from the homogeneously deformed region of a billet [24], and b) depicts the microstructure near the billet's surface (at 3 mm distance).
Introduction
Materials characterized by grain sizes in the sub-micron range have received considerable attention within the last few decades [1] [2] [3] [4] [5] . Two distinctive groups of materials fall into this category: Nanocrystalline (NC) materials with grain sizes up to 100 nm, and ultrafine-grained (UFG) materials with grain sizes ranging from 100 nm -1 µm [5, 6] . For manufacturing NC materials, typically "bottom up" approaches are employed, which involve techniques, such as condensation from gas or from liquid phases, or consolidation of nano-powders [5] [6] [7] [8] . All these techniques have inherent drawbacks, including processing induced impurities and porosities, which drastically deteriorate the mechanical properties of the final product [6] . The "top down" procedures, on the other hand, provide a more promising way of producing bulk nano-structured materials, featuring techniques that rely on heavy plastic deformation, leading to high dislocation densities and the formation of sub-grain and grain structures in the deformed metals [1] [2] [3] [4] . All these procedures are also referred to as "severe plastic deformation" (SPD) processes, which constitute the most widely used techniques in the fabrication of nano-structured materials. Some of the well-known and widely-utilized SPD processes include accumulative roll bonding (ARB), where sheet materials are folded and (cold) rolled several times [9] , high pressure torsion (HPT), where a sample is deformed through a circular motion under high pressure [10] , and equal channel angular extrusion (ECAE) † , where the material is pressed through an angled die [4] . Relatively large quantities of material can be obtained utilizing these "top down" processes (excluding HPT) with the advantage of a final product free of process-induced impurities and porosities [4, 11] . ECAE in particular offers excellent process repeatability, mainly owing to the sample cross-section that remains unchanged during the whole process. Furthermore, resulting textures can be easily influenced by the chosen processing history [3, 4] , providing control over mechanical properties. The ECAE process has already been practiced on a variety of metals and alloys, such as copper, aluminum, steels, niobium, tungsten and titanium [12] [13] [14] [15] [16] [17] . The UFG variants of these materials are characterized by a noticable increase in strength accompanied by reasonable ductility that is not significantly altered as compared to their coarse-grained (CG) counterparts [4, 16] .
To date, UFG materials with hexagonal close packed (hcp) and body-centered cubic (bcc) structures have not received sufficient attention, in contrast to their face-centered cubic (fcc) counterparts, due to the ease of processing of the latter. For instance, a wealth of information is available on the monotonic, fatigue and corrosion properties of UFG (high-purity) copper (Cu) [7, 12, 13, [18] [19] [20] . Nevertheless, such extended information has not yet been established in detail for any UFG material with bcc crystal structure, with the exception of few studies that partially investigated the mechanical properties and cyclic stability [16, 17, 21, 22] . Specifically, low-cycle fatigue (LCF) performance and the corresponding microstructural stability of UFG interstitial-free (IF) steel and UFG niobium-zirconium (NbZr) in connection with the role of heat treatment on the fatigue properties of these materials have been explored in detail only very recently [16, 17, 23, 24] .
The UFG IF steel constitutes a very strong alternative to other steels in use for various automotive applications owing to its superior mechanical properties [16, 23] , while the UFG NbZr alloy has recently emerged as a potential material of choice for biomedical implants [17] . Despite this potential for utility in the envisaged applications, the necessary knowledge of the fatigue performance of these materials and other UFG bcc materials is lacking. In particular, pure fatigue loading is very rare in applications, and in most cases, the load is characterized by the presence of mean stresses. Thus, understanding the influence of mean stresses on the cyclic deformation response and the fatigue life is necessary, and warrants detailed investigations on the subject matter prior to utilizing these materials in any application.
Consequently, the current investigation was undertaken with the motivation of shedding light on some of the concerns surrounding the fatigue performance of the UFG IF steel. In particular, the work presented herein reports on the role of mean stress on the cyclic stress-strain (CSS) response of UFG IF steel. The current results are presented in comparison with the previous findings on the same material in order to demonstrate the role of ECAE processing on the internal stresses, which are reflected by the evolving mean stresses during fatigue experiments. The important discovery here is that a certain route-dependent mean stress level is reached within the first few tens of hundreds of deformation cycles, and that this mean stress decreases rapidly when the material is deformed under strain control with medium to large applied strain amplitudes. Moreover, the current work also lays out the limits of microstructural stability of UFG IF steel under cyclic loading as a function of mean stress levels with the aid of scanning electron microscopy (SEM), electron back-scatter diffraction (EBSD) and transmission electron microscopy (TEM). The current results support the previously reported common observation that UFG IF steel samples featuring a high volume fraction of HAGBs ‡ exhibit excellent cyclic stability. However, the extent of cyclic stability is governed by the applied mean stress, i.e. ratcheting starts to occur when a certain mean stress level (positive and negative) is reached. Overall, the current results constitute a step ahead in understanding the fatigue properties of UFG IF steels. Furthermore, a broader knowledge of fatigue performance of UFG bcc materials proves valuable in clarifying unresolved issues, such as the microstructural stability under cyclic loading, and thus, provides a venue for their utility in practical applications. ‡ ECAE processing along "efficient" routes leads to a high volume fraction of HAGBs in the microstructure, and thus, is one of the factors that promote cyclic stability [23] .
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Experimental
The material investigated in the current study is titanium-stabilized IF steel with a chemical composition of 0.0023 wt% C, 0.0077 wt% S, 0.0018 wt% N, 0.002 wt% O, 0.065 wt% Ti, 0.05 wt% Al and balance Fe [16] . The material was originally acquired in the form of a 25 mm thick plate in the hot-rolled condition. The initial CG IF steel is characterized by a grain size of about 400 µm, a low yield strength of 70 MPa and a high ductility reflected by an elongation to failure of almost 50% strain [16] . This combination of mechanical properties of CG IF steel makes it suitable for complex deep drawing applications, a standard processing technique utilized in the making of automotive body parts. For the ECAE processing, the billets with dimensions of 25 mm × 25 mm × 175 mm were extracted from the initial plate using a low-speed band saw, such that the longitudinal direction of each billet coincided with the initial rolling direction. The billets were extruded at room temperature (RT) with a processing speed of 2.5 mm s -1 . The ECAE tool employed in this study has a 25 × 25 mm² cross section, a 90° sharp angled die, and benefits from the sliding walls concept [25] . ECAE processing is generally described by the number of extrusions and the so called processing route. Any rotation around the billets' longitudinal axis is possible between consecutive passes. ECAE route A involves no rotation of the billet, whereas route B (also referred to as B A ) is characterized by an alternating 90° rotation. Route C' (also known as B C ) features a 90° clockwise rotation of the billet, while route C uses 180° rotations between each extrusion. For the processing of the IF steel investigated in the current work route 8E was chosen, i.e. 8 extrusions along the route E, which itself is a hybrid route that can be described as 2C × 2C, where the × stands for an intermediate rotation of 90° [11] . Previous work demonstrated that ECAE processing of the IF steel along route 8E yields a UFG microstructure characterized by very small grains and a high volume fraction of HAGBs, which promote improved fatigue performance [16, 23, 24] . What favors route 8E in comparison to route 8C', which also leads to similar microstructures and mechanical properties, is the larger quantity of uniformly deformed material [11] .
The fatigue experiments were carried out on dog-bone shaped miniature specimens with a gage section of 8 mm × 3 mm × 1.5 mm. The samples were extracted from the uniformly deformed region of the billet by electro discharge machining (EDM). Following EDM the specimens were mechanically polished down to 5 µm grid size in order to remove the EDM residue. All fatigue tests were conducted on a servo hydraulic test frame under stress control in fully reversed push-pull loading at RT at a constant frequency of 0.5 Hz. It should be noted that the UFG IF steel does not show any significant rate sensitivity [16] , and thus, utility of a constant frequency with different stress amplitudes is not expected to influence the fatigue performance of this material. For the sake of accurate strain measurements, a miniature extensometer with a gage length of 3 mm was directly attached to the samples tested.
The CSS response of the UFG IF steel was recorded in constant amplitude tests (CAT) featuring different levels of mean stresses. In order to obtain similar fatigue lives for all the tested samples, a stress-controlled experiment with a mean stress level of 0 MPa was conducted. The stress amplitude for this experiment was selected as the one attained in the strain-controlled experiment carried out on a companion sample with a (total) strain amplitude of 2.8 × 10 -3 . The corresponding mean stress/stress amplitude values were calculated using the equations of Goodman and Gerber [26] . The results of the very first experiments with high mean stresses and low stress amplitudes (calculated after Goodman) clearly demonstrated that this estimate was too conservative, such that the samples did not fail within the first 100,000 cycles. Thus, stress amplitudes higher than those estimated by the Goodman equation were employed in the fatigue experiments (Table 1 ). For microstructure characterization the specimens underwent EBSD and TEM investigations. For EBSD analyses, the specimen surfaces were electro-polished using a 5% perchloric acid solution under an applied potential of 30 V at -40 °C in order to obtain high signal quality. The EBSD system was used in combination with a scanning electron microscope working at a nominal voltage of 20 kV. For TEM analysis 0.5 mm thick samples were extracted from the fatigue samples, and then mechanically ground and polished down to 0.15 µm. Large electron-transparent foils were obtained by conventional twin-jet polishing using the solution mentioned above. The TEM was operated at a nominal voltage of 200 kV.
Results and Discussion
Microstructure in the as-ECAE-processed condition. The microstructure of the UFG IF steel processed along ECAE route 8E was previously shown to possess a homogenous grain morphology accompanied by a high volume fraction of HAGBs provided that the sample is extracted from the homogenously deformed region of the billet (Figure 1a ) [24] . However, when the sample is taken from elsewhere in the billet, such as near the surface, the microstructural features change drastically. Figure 1b shows an EBSD scan carried out on a sample extracted from near the surface layer of the ECAE-processed billet. In the latter case, regions with surface areas exceeding 20 µm² and consisting of grains with misorientation angles smaller than 5° in between are embedded in the UFG matrix. This inhomogeneous microstructure leads to localized damage, and thus brings about an inferior fatigue performance. For instance, a comparison of the fatigue properties of UFG IF steels with similar by TEM determined grain sizes, namely materials processed along ECAE routes 4C and 4E, reveals significant differences between their fatigue performances [23] . Specifically, the microstructure of the route-4C IF steel, which possesses similar characteristics to those of the route-8E microstructure near the billet's surface, has a relatively high volume fraction of low-angle grain boundaries (LAGBs), and thus, suffers from localized damage due to the cyclic instability manifested by the LAGBs. The specimens with high volume fractions of HAGBs, i.e. the route-4E and the route-8E materials extracted from the uniformly strained regions of the billet, are characterized by a stable CSS response owing to the cyclic stability facilitated by the HAGBs. As a consequence, for achieving good cyclic properties, extracting samples from a certain distance to the surface of the ECAE-processed billet, such that the material is taken from the uniformly strained region, proves as equally important as utilizing an "efficient" ECAE route. Accordingly, ECAE processing along route E is favorable in respect thereof as the final product has the largest possible homogenously deformed volume [11] . Figure 2 : Cyclic plastic strain evolution of IF steel in different conditions. All experiments were carried out under total strain control with a constant strain rate of 6 × 10 -3 s -1 and a strain amplitude of 2.8 × 10 -3 at RT [16] . Figure 3 clearly shows that all samples exhibit a positive mean stress after only a few cycles: about 65 MPa for the route 4C', 75 MPa for the route 8C', and 80 MPa for the route 8E material § , indicating that similar inherent stresses are prominent in materials processed along different ECAE routes when the number of extrusions is high enough. Furthermore, the maximum mean stress is reached already in the first cycle at the highest strain amplitude of 6 × 10 -3 , whereas a maximum in mean stress is reached only after exceeding 10 cycles at the lowest strain amplitude of 2.3 × 10 -3 . Similarly, the higher the strain amplitude the faster the mean stress decreases towards zero. This is attributed to the larger plastic strains as a consequence of higher strain amplitudes, such that the rearrangement of grain boundaries and other dislocation arrangements evolve much faster. The comparison of the fatigue performances of UFG IF steels, which were processed along ECAE routes 4C' and 8C', at identical strain amplitudes demonstrates that the decrease in the mean stress is more rapid for the route 4C' material. This is associated with the higher plastic strains in this material (c.f. Figures 2 and 3 ). Plastic strains are necessary for the rearrangement of the dislocation arrays, which in turn bring about the evolution of the internal stress fields within the matrix. § The curve for the route-8E UFG IF steel is not shown for the sake of clarity as it overlaps with that for the route-4C' material.
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Advances in Understanding the Fatigue Behavior of Materials Figure 3 : Evolution of the mean stress during cyclic loading of the UFG IF steels processed along ECAE routes 4C' and 8C'. All experiments were carried out under total strain control with a constant strain rate of 6 × 10 -3 s -1 and strain amplitudes ranging from 2.3 × 10 -3 to 6.0 × 10 -3 at RT (recompiled from [16] ).
Fatigue performance of the UFG IF steel under stress-controlled LCF loading.
The influence of mean stress on the fatigue performance of UFG IF steel can be considered negligible for small and medium mean stresses, as evidenced by the slowly increasing plastic strain ranges in the ECAE-processed samples along route 8E (Figure 4 ). However, when a limit of about 75 MPa (positive or negative) mean stress is reached the samples start to exhibit ratcheting, which alters the fatigue life ( Figure 5 ). Otherwise, all samples demonstrate a cyclically near-stable behavior. Note that the smaller stress amplitude (Table 1 ) employed in the experiment with 200 MPa mean stress is responsible for the low plastic strain levels attained (Figure 4) . Still, the increase of the plastic strain is the most rapid for this loading scenario accompanied by a relatively short fatigue life. This short fatigue life is due to the definition of specimen failure in this study, which is either failure by fracture or a maximum elongation of 9% strain. The sample deformed with a mean stress of -75 MPa shows ratcheting, as well; however, the negative mean stress has a positive impact on the fatigue life in this case, as expected [26] , and the sample reached 17000 cycles at a compressive strain of 9%, where buckling settled in. As indicated in Figure 5 , the behavior of the samples subjected to fatigue at different mean stress levels can be arranged in three groups in terms of their mean strain evolution: (1) the samples subjected to cyclic loading with high mean stresses are characterized by rapidly increasing mean strains, (2) the samples experiencing medium mean stresses maintain a stable mean strain level near zero, and (3) the samples cycled with negative mean stresses are identified by a fast-evolving negative mean strain. Interestingly, in the group of near-stable variants (2), the samples with a mean stress level of 0 MPa and 25 MPa exhibit negative and a near zero mean strains, respectively. This stems from the presence of internal stresses, such that the internal stresses induced by ECAE processing (Figure 3 ) are dissipated into mean strains under stress-controlled fatigue loading. For a zero mean stress a negative mean strain evolves. Figure 6 : Masing plot in relative coordinates for the route-8E-processed UFG IF steel cyclically deformed with different mean stresses. Figure 6 shows the half-life hysteresis loops for the route-8E material deformed with different mean stresses, which are presented in relative coordinates in order to investigate the presence of Masing behavior. Masing behavior implies that a similar microstructure is established in materials no matter what loading conditions are employed during cycling loading, such as different stress or strain amplitudes or mean stress values. Masing behavior is easily seen when the half-life hysteresis loops are plotted in relative coordinates ( Figure 6) , and if the upper branches of the hysteresis loops are congruent, this points at similar microstructures. The current experiments featuring different mean stresses yielded a non-Masing behavior, and in particular, the hysteresis loops of -75 and 50 MPa tests demonstrate a good agreement as compared to the 200 MPa test result. This observation aligns well with the results shown in Figure 4 , such that the samples exhibiting a cyclically stable plastic strain response (with medium mean stress levels) possess different microstructural characteristics as compared to the samples subjected to higher mean stresses, where the latter exhibited ratcheting. Thus, the hysteresis loops presented in Figure 6 could help link or differentiate between microstructural evolutions and governing failure mechanisms in the UFG IF steel samples deformed under various loading conditions. Microstructure evolution due to cyclic loading. EBSD and TEM were carried out on the tested samples in order to establish the direct link between the fatigue performance and microstructure evolution. The EBSD grain maps of the UFG IF steel samples cyclically deformed with 0, 75 and 200 MPa mean stresses are presented in Figures 7 a, b and c, respectively. Figures 7 a and b reveal no significant changes as compared to the as-ECAE-processed microstructure (Figure 1a ). These results stand in good agreement with the findings of recent studies which reported that no significant changes take place in the microstructure of UFG IF steels processed along efficient ECAE routes when cyclically deformed in strain control [16, 23] . However, the sample deformed with a 200 MPa mean stress (Figure 7c ) demonstrates a slight evolution of the microstructure. The image quality is relatively poor due to the surface area the measurement was carried out on ( Figure  7d ). The SEM micrograph shows localized damage, and the corresponding large plastic strains also brought about a detectable microstructure evolution, as evident by the rearrangement of grain boundaries (Figure 7c ). The TEM results (Figure 8 ) support the findings of the EBSD analysis (Figure 7) , such that the as-ECAE-processed microstructure does not experience a significant evolution upon cyclic deformation with no or low mean stresses (Figures 8a and b) , which has been observed for other cyclically stable UFG IF steels [16, 23] . Slight changes that occur upon cyclic deformation include more well-defined grain boundaries and decreased dislocation density in the grain interiors. These changes are much more pronounced in case of the specimen deformed with a mean stress of 200 MPa (Figure 8c ). Here the dislocation density in the grains decreased drastically, the grain boundaries appear quite well-defined and the microstructure seems to be coarsened. Note that the TEM sample was taken from the same area where the EBSD measurement was carried out ( Figure  7d ), and therefore it demonstrates the evolution in the region of the sample that suffered from localized damage. It can be argued that local inhomogeneity in the UFG microstructure leads to a deformation-induced recovery of the microstructure, and in consequence, to a locally decreased strength, and finally, localized damage. This inhomogeneity could be viewed as a strongly localized version of the situation depicted in Figure 1b , and thus, is hardly to detect prior to cyclic deformation in the uniformly extruded volume of the material.
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It should be also noted that the grain size observed in the TEM is smaller than the grain size obtained from EBSD measurements. This difference basically stems from the different microstructural features utilized by each method for identifying grain boundaries, such that the TEM is capable of detecting smaller misorientations than the EBSD system, and thus, returns a smaller grain size [23] . Figure 7d) . Fatigue life. So far, the P SWT parameter postulated by Smith, Watson and Topper has appeared to be the best approach for describing the fatigue life of UFG IF steel [16, 30] . It gives a rough estimate of the energy dissipated per cycle, and therefore is well suited for the description of the fatigue life at low and medium cyclic plastic strains. Figure 9 demonstrates that P SWT very well describes the fatigue performance of the UFG IF steel under mean stress investigated in this work, such that the current results align well with the P SWT description of the fatigue response of cyclically stable UFG IF steel studied in previous works [16] . This implies that the same failure mechanisms govern the fatigue performance of the materials studied both previously and in this work, and cyclic stability is evident in both cases. Nevertheless, it should be noted that current results of the experiments with a large mean stress of 200 MPa did not fit equally well (indicated by the arrow in Fig. 9 ), pointing at a potential change in the failure mechanisms. As mentioned before, this specimen did not fail by fracture, but it reached a strain level of 9%, which was earlier defined as the failure criterion. Therefore the fatigue life defined by fracture would be placed at a higher number of cycles in Figure 9 , bringing the corresponding point closer to the line of the stable UFG IF steel variants. Figure 9 : Smith-Watson-Topper parameter (P SWT ) plotted against cycles to failure for CG and UFG IF steel. The strain amplitude for all tests is taken from the half life hysteresis loop.
Conclusions
In the present study the focus was placed on the cyclic stress-strain (CSS) behavior, the corresponding fatigue life and the stability of the microstructure of ultrafine-grained (UFG) interstitial-free (IF) steels under mean stress loading. The following conclusions can be drawn from the work presented herein:
1. The UFG IF steel processed along ECAE route 8E exhibits a stable CSS response for medium applied mean stresses within the range of -75 to 75 MPa. Within these limits the microstructure remains cyclically stable, and no significant changes induced by cyclic deformation can be observed by electron-optical measurements. When the mean stresses exceed 75 MPa, however, ratcheting becomes prominent.
2. Directly after ECAE processing the UFG IF steel exhibits positive internal stresses. These stresses can indirectly be derived from the CSS data recorded in stress-and strain-controlled experiments. In the strain-controlled tests the inherent stresses are continuously diminished when plastic strains are present, while in the stress-controlled tests they result in mean strains.
3. The microstructural changes due to cyclic deformation are difficult to detect when the investigated sample is deformed in the presence of multiple parameters that lead to a near-stable CSS behavior. Electron-optical techniques, such as transmission electron microscopy (TEM), cannot identify the small changes within the highly distorted microstructure with high dislocation and grain boundary densities. By contrast, ratcheting leads to a more pronounced microstructural evolution in localized areas that are characterized by a drastic decrease in dislocation density and grain growth.
4. The fatigue lives of the UFG IF steels cycled at different mean stresses can be described with the help of the Smith-Watson-Topper parameter (P SWT ) within a mean stress range of -75 to 75 MPa. Within this range the fatigue performance is governed by the same or similar failure mechanisms for all mean stress levels, as evidenced by the observed cyclic stability.
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